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Abstract
For the purpose of proteins bio-conjugation to Gold Nano-Particles (GNPs), we designed and synthesized a polypeptide named NanoLock, derived from SNARE (Soluble NSF Attachment protein REceptor) proteins and able to form a remarkably stable complex with the SNARE protein SNAP25 (Synaptosome Associated Protein of 25 kDa). We also characterized the adsorption of a SNAP25 recombinant fusion to Glutathione S-Transferases (GST) named GST-SNAP25 onto GNPs and found that it forms a stable protein corona surrounding GNPs. Using GST-SNAP25 as an intermediate protein, passively adsorbed on GNPs, we were able to stably bind NanoLock to GNPs. 
By fusing an arbitrary protein of interest to the affinity tag NanoLock, it would be in principle possible to bind any protein to GST-SNAP25 coated GNPs by simple mixing, in a site-oriented way. Therefore, we propose the pair NanoLock/GST-SNAP25 as a universal tool for the easy bio-conjugation of recombinant proteins to GNPs and possibly other gold surfaces. Further engineered versions of SNAP25, able to bind surfaces other than gold, could be used to decorate with proteins other materials, taking advantage of the same modular approach of the system described here in the case of GNPs. 
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1. Introduction
Conjugation of biomolecules to nanoparticles has many applications in drug delivery, diagnostics and more in general in nano-biotechnology [1]. It can be achieved using a broad range of well-established chemistries [2]. However, when it comes to structurally complex molecules such as proteins, their intrinsic diversity makes it difficult to find a unique, proven chemical cross-linking method that consistently and efficiently produces functional nanoparticles conjugates regardless of the specific protein [3]. Therefore, protocols for immobilization have to be empirically and tediously optimized case-by-case and, typically, several different conjugation strategies need to be attempted before a successful conjugate can be obtained.   
Proteins can be easily adsorbed passively onto metal surfaces, resulting in physi-sorption or chemi-sorption, depending respectively on the absence or presence of covalent bonds between the particle and the protein [4,5]. For gold nano-particles (GNPs), chemisorption of proteins is generally achieved by making use of naturally occurring cysteine residues or, in the case of recombinant proteins, by the deliberate introduction of one or more cysteines [6,7], as these are able to form a stable sulfur-gold (S-Au) bond. Although adsorption is straightforward and typically doesn’t require more than a pH adjustment, unfortunately the adsorbed protein is thought to undergo denaturation with the risk that its functionality can be compromised [8].
Our approach to prevent this, while retaining the simplicity of the passive adsorption method, makes use of an intermediate designer protein that can be adsorbed onto GNPs. The intermediate protein contributes to the stability of the colloid suspension by forming a complete protein corona [9] and carries a domain which specifically binds to an affinity tag. An arbitrary protein of interest fused to the tag can then bind the functionalized particles by simple mixing. The intermediate protein reduces the chance of the protein of interest to undergo denaturation and inactivation. Importantly, there is no need for optimization of the adsorption conditions of the protein of interest, as these are only determined by the affinity system, whereas the adsorption conditions of the intermediate protein are determined only once for all.
In this work we used previously developed SNARE proteins mimics [10]. A SNAP25 fusion to GST, here named GST-SNAP25, was used as intermediate protein that binds to GNPs, whereas a fusion of Syntaxin3 and VAMP2 (Vesicle Associated Membrane Protein 2) named NanoLock was used to assess the ability to specifically bind an extra protein to GST-SNAP25 coated GNPs. The choice of the pair GST-SNAP25/NanoLock was based on their proven ability to form a nearly irreversible complex which can withstand very harsh conditions and high temperatures [10]. This is due to the likely similarity of the artificial complex to the tight 4-helical bundle of the native SNARE complex (Figure 1a). Besides the high stability and specificity, the choice of SNAREs is also beneficial for orienting the conjugated proteins, as the assembled SNARE motifs form a rigid bundle in which all the helices are parallel.  
This paper shows evidence of the ability of GST-SNAP25 to coat GNPs forming a complete corona and subsequently bind NanoLock in a specific way.  
2. Methods
2.1. Cloning, protein expression, purification and characterization 
All DNA inserts encoding SNAREs (SNAP25: rat SNAP25B, GenBank: AAH87699.1, residues 1-206, with all cysteines mutated into alanine; NanoLock: rat Syntaxin3, GenBank: EDM13396.1, residues 195-253, fused to rat Synaptobrevin2, NCBI Reference Sequence: NP_036795.1, residues 1-84) were cloned into pGEX-KG expression vector (ATCC 77103), expressed in E. coli, strain BL21(DE3)PLysS (Agilent), purified from bacterial lysates by affinity chromatography using Sepharose 4B glutathione resin (GE Healthcare), eluted with excess of glutathione (GST-SNAP25) or thrombin cleavage (NanoLock), followed by size exclusion chromatography using ÄKTA pure equipped with a Superdex 200 10/300 GL column (GE Healthcare) as previously described [10,11]. GST was obtained by expression of the pGEX-KG vector without any insert, followed by affinity purification, glutathione elution and size exclusion chromatography as described above. The concentration of the purified fractions from each protein was measured using BCA Protein Assay (Thermo Scientific). Equimolar concentrations of NanoLock, GST- 


Fig. 1. NanoLock and GST-SNAP25 form a stable SNARE complex. (a) Joint molecular models of GST (blue) to SNAP25 (green) assembled to NanoLock (red); obtained using UCSF Chimera package [12] and the PDB structures 1UA5 (GST) and 1N7S (SNARE complex); (b) SDS-PAGE of individual proteins NanoLock, GST-SNAP25 and GST (lanes 1-3) and mixtures (GST-SNAP25/NanoLock, lane 5 and GST/NanoLock, lane 6); lane 4 shows the protein marker (molecular weights from the top: 250 kDa, 150, 100, 75, 50, 37, 25, 20, 15,10); lane 5 shows a band compatible with the 67 kDa complex GST-SNAP25/NanoLock whereas no complex is present in lane 6 where GST-SNAP25 is replaced by GST.
SNAP25 and GST were incubated individually or in pairs in 10 mM HEPES, 10 mM NaCl, pH 7.3 for 1 hour at room temperature. The formation of a SNARE complex was assessed by loading 10 µl of 2.5 µM protein mixtures on a RunBlue SDS-PAGE gel (Expedeon) at low temperature, to avoid the denaturation of the complex, alongside 5 µl of Precision Plus Protein Standard (Bio-Rad), to estimate the molecular weight of individual proteins and complexes upon staining with InstantBlue (Expedeon).   
2.2. Adsorption of GST-SNAP25 on GNPs
10 µl of 40 nm GNPs suspended in water (BBI Solutions), having OD=1 (optical density) at their absorption peak, were mixed with increasing concentrations of GST-SNAP25 in a final volume of 20 µl, diluted in 10 mM HEPES, 10 mM NaCl, pH 7.3. GST-SNAP25/GNPs mixtures were incubated for 1 hour at room temperature, mixed with 5% glycerol for loading, loaded onto a 0.8% agarose gel and run in 0.25xTBE (22.5 mM Tris-borate, 1 mM EDTA, pH 8.3) for about 50 minutes at 75 V alongside a sample of GNPs without any protein adsorbed [7]. The gel was imaged using a ChemiDoc MP system (Bio-Rad) to estimate the extent of migration of the intensely red band corresponding to the protein-coated GNPs.
100 µl of the same 40 nm GNPs diluted to a volume of 1 ml of 10 mM HEPES, 10 mM NaCl, pH 7.3 in a standard plastic cuvette were equilibrated at 20°C for 10 minutes in the measuring cell of a Zetasiser Nano ZS (Malvern) and their diameter (d) was estimated from the Z-average of three consecutive Dynamic Light Scattering (DLS) measurements that also provided the polydispersity index of the suspension. Small volumes (5-15 µl) of GST-SNAP25 were added to the cuvette to match the final concentrations used in the agarose gel assay, after each addition and following 2 minutes incubation the DLS measurement was repeated and the increase in diameter (Δd) calculated from three measurements. The Δd measured by DLS were plotted versus GST-SNAP25 concentration and the data fitted with the Langmuir equation below [13]:

 			(1)

where [M] was the concentration of GST-SNAP25 and KD and ΔdMAX were parameters estimated by nonlinear least-squares fitting [14]. The stability of the same colloidal suspension samples, with or without GST-SNAP25 coating, was also assessed by acquiring the absorption spectra in the visible range using a Shimadzu UV-1800 spectrophotometer to verify the presence of the expected surface plasmon resonance peak at about 520nm. 
2.3. Binding of NanoLock to GST-SNAP25 coated GNPs 
100 µl of the 40 nm GNPs were diluted to a volume of 1 ml as described above, they were equilibrated and measured by DLS using the same procedure above and  then were exposed for 2 minutes to GST-SNAP25 at the saturating concentration of 1.5 µM and their Δd measured by DLS. NanoLock was then added in excess at a final concentration of 3 µM and the Δd measured again by DLS after 1 hour incubation at room temperature to assess the binding of NanoLock to GST-SNAP25 GNPs. The experiment was repeated on three samples prepared independently and the final size of GNP-GST-SNAP25/NanoLock assemblies was expressed as the average of the three replicates ± standard deviation. Three negative controls consisting of GST adsorbed onto GNPs in the same conditions of GST-SNAP25 were prepared and measured in parallel before and after the addition of same amount of NanoLock.
A pull-down experiment to verify binding of NanoLock was performed using high concentration GNPs. 15µL OD=5 GNPs were incubated with 250nM GST or GST-SNAP25 for 1 hour at room temperature in the same buffer detailed above. 500nM NanoLock was added to GNPs-GST or GNPs-GST-SNAP25 and incubated for 2 hours at room temperature. The suspension was pelleted by centrifugation at 5000g for 5 minutes and washed twice with buffer. The first supernatant was collected for loading on SDS-PAGE gel. The GNPs pellets were suspended in 15µL buffer for SDS-PAGE analysis, mixed with 5µL 4x SDS loading buffer, boiled at 100°C for 5 minutes and left at room temperature for 6 hours. The mixture was loaded on precast SDS-PAGE gel as described above. As the amount of protein adsorbed on GNPs was expected to be near the limit of detection, the gel was stained using InstantBlue for 10 hours. 
3. Results and Discussion
The affinity tag NanoLock, GNPs-binding protein GST-SNAP25 and the GST used as a control were successfully purified as shown in lanes 1-3 of the SDS-PAGE of Figure 1b. The visible bands are compatible with molecular weights of 17, 49 and 28 kDa, respectively for NanoLock, GST-SNAP25 and GST. GST-SNAP25 (lane 2) presents an extra low molecular weight band that is likely a breakdown product. Nevertheless, when GST-SNAP25 was mixed with NanoLock (lane 5), the 49 kDa band shifted to a higher molecular weight, compatible with the assembled GST-SNAP25/NanoLock (expected molecular weight of 67 kDa). As expected, the mixture of NanoLock with the control GST (lane 6) doesn’t produce any band shift. 
To determine the concentration of GST-SNAP25 that is sufficient to saturate the surface of GNPs, we titrated GST-SNAP25 on 10 µl samples of 40 nm GNPs and assessed their migration on an agarose gel (figure 2a). Increasing concentrations of protein adsorbed onto GNPs result into faster migration up to a concentration of 1.56 µM (lane 6) after which no further migration was observed. The same titration range was assessed by DLS (figure 2b) and also in this case no increase in particle diameter was observed for concentrations larger than 1.56 µM. The polydispersity index calculated from DLS data for the colloid at 0 µM and 1.56 µM GST-SNAP25 was 0.177±0.019 and 0.171±0.021 respectively (average and standard deviation from three measurements). The two similar values obtained suggest that no particle aggregation was triggered by adding the protein to the colloid. 
From these results, we concluded that a concentration of about 1.5 µM was sufficient to completely cover the surface of GNPs with GST-SNAP25. From the good fit of the DLS adsorption data to equation 1, we can also safely assume that the adsorption follows a classic Langmuir trend, and therefore we don’t expect that GST-SNAP25 could form structures beyond a monolayer. The fit gave a dissociation constant KD of 80 nM which is in line with what observed for other similar proteins and a ΔdMAX of 8.7 nm, which is a hydrodynamic diameter increase also in the range observed for proteins of similar size [13]. 
GNPs are not stable in presence of thiols and tend to precipitate, unless they are stably covered by an adsorbed protein [7]. 2-mercaptoethanol binds strongly to GNPs and displaces proteins that are loosely bound (physi-sorption) but not those that are bound through S-Au bonds (chemi-sorption). We assessed the ability of 2-mercaptoethanol to displace GST-SNAP25 from the gold surface by verifying GNPs stability in solution and observed that no precipitation was observed in presence of the thiol (data not shown). This suggests that GST-SNAP25 is stably bound to GNPs, likely thorough S-Au bonds in correspondence of one or more of GST cysteine residues. The stability of the colloid upon adsorption of GST-SNAP25 was also assessed by comparing the absorption spectra of the gold nanoparticles before and after adding the protein, which confirmed the expected surface plasmon resonance peak at ~520nm was present in both conditions (figure 2c).  
Fig. 2. GST-SNAP25 adsorbed onto GNPs forms a monolayer at concentrations larger than 1.5 µM. (a) Migration in 0.8% agarose of GNPs with adsorbed GST-SNAP25 at 0.15, 0.30, 0.59, 0.87, 1.15, 1.56, 1.96 µM concentrations (lanes 1-7); lane 8 has GNPs with no GST-SNAP25 that are unstable in TBE and therefore precipitated in the well; (b) plot of the diameter increase (Δd) measured by DLS at increasing concentrations of GST-SNAP25; the data points are the average of three measurements, the error bars are the standard deviations and the dashed line is the fit to equation 1, showing a classic Langmuir adsorption trend; (c) absorption spectra of GNPs covered with GST-SNAP25 (solid line) and naked GNPs (dashed) confirm that the colloid is stable in both conditions as evidenced by the typical peak at ~520 nm due to gold surface plasmon resonance.

To verify the ability of GST-SNAP25 adsorbed on GNPs to bind NanoLock, we incubated GNPs-GST-SNAP25 obtained as described above with excess of NanoLock and measured the diameter increase with DLS before and after addition of NanoLock. We included a control in which GST-SNAP25 was replaced by GST only and observed that, whereas no significant increase in size was observed upon addition of NanoLock to GNPs-GST as expected, an increase of 2.2 nm was observed in the case of GNPs-GST-SNAP25/NanoLock (figure 3a). These results suggest a change in protein conformation at the particle corona [13] upon binding of NanoLock. The polydispersity index measured by DLS after adding NanoLock to the suspension was 0.176±0.008 (average and standard deviation from three measurements), which was very similar to the values obtained for the GNPs and GNPs plus GST-SNAP25 (see above), suggesting that NanoLock does not destabilize the colloid. As no substantial increase in size was observed in the case of GNPs-GST, it is reasonable to think that the size increase of GNPs-GST-SNAP25 after adding NanoLock was due to SNARE complex formation, as observed in figure 1. A tentative explanation of why SNARE complex formation at the particle corona would result in an increase of hydrodynamic diameter is given in figure 3b. Whereas SNAP25 is unstructured in absence of the other SNAREs, it becomes structured and rigid once the SNARE complex forms. In the case of GST-SNAP25 immobilized on GNPs, this would result in a small increase of the overall size of the particle, which is what we observed experimentally.
A pull-down experiment using GST or GST-SNAP25 coated GNPs was performed to verify the specificity of NanoLock binding. Proteins stably bound to the colloidal phase were cleared from protein excess in solution by washing, stripped from the nanoparticles and loaded on a SDS-PAGE to verify their identity by their molecular weight (figure 3c). This confirmed that the band corresponding to NanoLock was present on GST-SNAP25 GNPs (lane 4) but not on GNPs-GST (lane 3). Lane 4 of figure 3c was similar to lane 6 of figure 1b rather than lane 5. The absence of the GST-SNAP25/NanoLock complex was expected, as the boiling step used to strip proteins from GNPs, is known to disrupt the SNARE complex. 

Fig. 3. NanoLock binds to GNPs-GST-SNAP25 resulting in an increase of the overall hydrodynamic diameter. (a) GNPs Δd measured by DLS due to GST-SNAP25 (green), GST (blue) and NanoLock addition (red); experiments were performed in triplicate and the bars represent the average, while the error bars are the standard deviation after addition of NanoLock; (b) schematic of the hydrodynamic sphere explored by GST-SNAP25 on GNPs in absence (top) and in presence (bottom) of NanoLock; the  red dashed circle represents the increase in diameter measured in panel a (figure not to scale); (c) SDS-PAGE of GST (lane 1) and GST-SNAP25 (lane 2) bound to GNPs, pull-down of NanoLock by GNPs-GST and GNPs-GST-SNAP25 (lanes 3-4); lane 4 shows the NanoLock band, confirming specific binding to GST-SNAP25; lane 5 shows the protein marker (molecular weights from the top: 250 kDa, 150, 100, 75, 50, 37, 25, 20, 15,10); lane 6-8 are GST, GST-SNAP25 and NanoLock solutions at the same concentrations used for the pull down of lanes 3-4; lane 9 and 10 are the supernatants of the pull-down of lanes 3 and 4 respectively, containing the unbound protein fraction, which confirm NanoLock was bound to GNPs-GST-SNAP25 only.

4. Conclusions
We described a two-step method for protein-GNPs conjugation which consists of a first adsorption step to activate GNPs with GST-SNAP25 and a second binding step where NanoLock binds to SNAP25. As a proof-of-concept we used the affinity tag NanoLock as it is, without a recombinant fusion to a specific protein of interest, and we were able to prove effective binding and a likely change in the conformation of the GNPs-adsorbed protein complex. Based on the SNARE complex ability to assemble together different protein building blocks, spanning from proteases to receptor binding domains [15–18], we speculate that this approach could be used as a universal and modular system for the decoration of GNPs and virtually any surface on which it would be possible to immobilize SNAP25. The advantages over direct adsorption or chemical linking of a protein of interest are 1. the increased distance from the surface that could help preventing denaturation, 2. the oriented nature of the SNARE complex that would be able to provide a rigid spacer between the surface and the protein and 3. the fact that tedious optimization of the adsorption conditions could be avoided, as NanoLock-tagged proteins would bind to GST-SNAP25 just by simple mixing. 
The system design is highly modular and therefore has the potential to be applied to several materials, for example by replacing the gold-binding GST in GST-SNAP25 with a protein domain or peptide which has affinity to glass, polystyrene, carbon nano-tubes [19]. 
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